Field deployment and evaluation of a prototype autonomous two dimensional acoustic backscatter instrument: The Bedform And Suspended Sediment Imager (BASSI) by Moate, Benjamin D. et al.
1 
 
 
Field deployment and evaluation of a prototype autonomous two 
dimensional acoustic backscatter instrument: the Bedform And 
Suspended Sediment Imager (BASSI) 
 
 
Benjamin D. Moate
1
*, Peter D. Thorne
1
, and Richard D. Cooke
1
 
 
1. National Oceanography Centre, 
Joseph Proudman Building, 
6, Brownlow Street, 
Liverpool, L3 5DA, United Kingdom. 
 
 
 
 
 
Corresponding authors. Email: bdmoate@gmail.com, pdt@noc.ac.uk  
 
 
  
2 
 
Abstract 
The processes of sediment entrainment, transport and deposition over bedforms are highly 
dynamic and temporally and spatially variable. However, most measurements of these 
processes tend to be collected in a vertical line at one spatial location above the bed; one 
dimensional in the vertical, 1D-V. Such measurements capture the temporal signature, and, to 
a lesser degree, the spatial variability when bedforms migrate, and they have contributed 
greatly to our understanding of sediment transport processes. It is generally acknowledged, 
however, that such 1D-V systems provide a limited description of the spatially three 
dimensional processes occurring at the turbulent and intra-wave time scales. It would 
undoubtedly facilitate the interpretation of fundamental sediment processes above bedforms 
if other spatial dimensions could be simultaneously interrogated. To this end a multi-
frequency acoustic array has been developed to measure suspended sediments and bedforms 
over a horizontal transect of the bed in the vertical, providing two dimensional observations 
in the vertical and horizontal, 2D-HV. This new acoustic instrument, the BASSI; Bedform 
And Suspended Sediment Imager, has been deployed in the River Dee tidal estuary in the 
UK. The design of the BASSI and results from the deployment are presented and its 
performance assessed against more conventional instrumentation. Measurements and images 
of 2D-HV suspended sediments and bedforms are provided to illustrate the capability and 
future use of the BASSI for the investigation of sediment transport processes. 
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1. Introduction 
In energetic shallow marine waters, seabed sediments are easily entrained into suspension, 
with the subsequent transport and fate of such suspensions of critical interest in terms of 
morphodynamic evolution, changes in bathymetry, water quality, water clarity, impacts on 
engineering structures, and defence applications (Irish and White, 1998; French and 
Burningham, 2009; Whitehead et al., 2009; Kadiri et al., 2012). Globally, it is practically 
impossible to compile an accurate picture of sediment transport, though it has been estimated 
that 70 % of the worlds sandy beaches have shown net erosion in recent years (Bird, 1985). 
Despite the obvious importance of sediment transport, predictive computational models are 
rarely accurate to better than a factor of two, with greater uncertainty when bedforms are 
present, therefore field measurements continue to be required for both site specific model 
tuning and validation (Davies et al., 2002). Further, it is now widely recognised that to 
improve large scale sediment transport modelling, accurate parameterisations of small scale 
sediment processes are fundamental (Baumert et al., 2000; James, 2002; Ribberink et al., 
2008; Amoudry and Souza, 2011). At present however, quantification and understanding of 
sediment transport processes is hampered by the difficulty in obtaining suitable 
measurements. At the kernel of this problem, is that suspended sediments show complex 
variability over multiple spatial dimensions (Hay and Bowen, 1994; Villard and Osborne, 
2002; Williams et al., 2003), whilst most traditional measurement techniques, such as water 
sampling, optical backscatter sensors, and transmissometers, provide only point 
measurements. 
Optical imaging techniques, such as Particle Image Velocimetry (PIV), provide one 
opportunity by which measurements of suspended sediment concentration and velocity can 
be obtained in two-dimensions, over a horizontal and vertical slice in the near-bed region 
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(Liu and Sato, 2005; Reidenbach et al., 2010). However, most PIV instruments are too large 
and intrusive for deployment in the field, and only recently have smaller autonomous systems 
become available (Liao et al., 2009). Nevertheless, PIV can be impaired at higher suspended 
sediment concentrations due to increased optical attenuation and particle overlap problems 
(Lee et al., 2009), whilst at lower concentrations the addition of seeding material may be 
required to overcome low signal-to-noise ratios (Coupland and Pickering, 1988). 
As an alternative to optical imaging, acoustic profiling techniques have received growing 
recognition over the last three decades, in part due to a robust theoretical basis, the 
development of new technology, and the non-intrusive nature of the measurements (Thorne 
and Hanes, 2002; Hurther et al., 2011). In the marine environment, most inorganic sand sized 
sediments have material densities and compressional sound velocities that are ~ 2.5 to 5 times 
greater than that of seawater, and hence suspended sands are relatively strong scatterers of 
underwater sound at MHz frequencies (Hay, 1991; Schaafsma and Hay, 1997; Thorne and 
Meral, 2008; Moate and Thorne, 2012). To exploit this principle, a number of monostatic 
multi-frequency Acoustic Backscatter Systems (ABS) have been developed to observe 
suspended sediments in the bottom 1 to 2 m above the seabed (Hess and Bedford, 1985; 
Vincent and Green, 1990; Hay, 1991; Schat, 1997; Thorne and Hardcastle, 1997). Since their 
inception, ABS have gained broad utility within sediment transport studies by underpinning a 
variety of observations, from sand transport fluxes in the coastal zone (Vincent et al., 1991), 
and the dependence of sediment diffusivity on grain size (Thorne et al., 2009), to sediment 
entrainment processes under irregular waves (O’Harra-Murray et al., 2011). 
One limitation of conventional ABS is that they provide profiles in only one dimension, 
typically in the vertical. This design limitation arose primarily from technical constraints 
coupled with the desire to observe theoretical vertical variations in the suspended sediment 
concentration field, associated with the presence of bedforms and the bottom boundary layer 
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(Hess and Bedford, 1985; Lynch et al., 1997; Villard et al., 2000). To try and circumvent this 
limitation, a number of studies have used one-dimensional ABS measurements to probe 
sediment processes in two dimensions, by either mounting several transducers inline above 
specific bed features (Villard and Osborne, 2002), or by considering time averaged ABS data 
phase locked to orbital velocities and referenced to a common bed feature (Davies and 
Thorne, 2005; O’Harra-Murray et al., 2011; Hurther and Thorne, 2011). Whilst these 
approaches have met with some success, they are still limited in that they cannot provide 
synoptic two dimensional images over multiple ripple wavelengths. 
In this paper, we evaluate a new, two-dimensional ABS; the Bedform And Suspended 
Sediment Imager (BASSI), and present results from a field deployment. The BASSI provides 
an essentially synoptic acoustic curtain over a two-dimensional vertical slice of the near bed 
water column, with centimetric resolution over intra-wave and turbulent timescales. Here, we 
first evaluate BASSI measurements of bedforms and suspended sediments relative to two 
proven commercially available acoustic backscatter instruments, deployed in a sandy 
intertidal zone of a macro-tidal estuary. By calculating acoustic inversions on calibrated 
BASSI data, we present two dimensional images, and image sequences, of suspended sandy 
sediments in an environment where both waves and tidal currents contribute to the near bed 
hydrodynamics. 
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2. Description of the Bedform And Suspended Sediment Imager (BASSI) 
2.1. System overview 
The BASSI consisted of three transducer line arrays, each of which was connected to a 
single electronic scheduling unit that controlled the sampling parameters. A schematic of the 
system is presented in Figure 1, showing only a single transducer array for clarity. Each 
transducer array housed 15 individual narrow beam disc transducers that functioned at fixed 
operating frequencies, with three different frequencies interleaved across the array; these 
were 2.5, 1.25, and 0.75 MHz (see Figure 1). The transducer arrays were designed to be 
compact, being 0.5 m long, 0.14 m wide and 0.07 m in depth, to minimise any hydrodynamic 
impact of the arrays on the sediment processes being measured. In the present study the three 
transducer arrays were connected inline, and the complete system consisted of 45 transducers 
spaced regularly at 3.3 cm intervals over a 1.5 m range in the horizontal. 
The scheduling unit included a programming interface, to facilitate autonomous 
deployments. In the present study, the BASSI was programmed for hourly bursts of 55 
minutes in duration, over a 1 metre vertical profile, with a vertical spatial resolution of 1 cm 
and a pulse repetition frequency of 32 Hz. Each recorded profile was an average over 8 
successive transmissions, with the recorded profile rate being 4 Hz. The scheduling unit 
included additional sensors for temperature and pressure, although in the present study these 
sensors were only used for comparison with data obtained from higher temporal resolution 
instrumentation and are not presented here. When operating autonomously, the BASSI was 
powered by an external 15 V battery, with a total current consumption of ~ 650 mA when 
active and logging data, enabling deployment over multiple tidal cycles. 
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2.2. Transmit/receive and logger specification 
For each transducer array, all functions were controlled by an internal microprocessor, 
including the generation of the three operating frequencies, and the digitisation of the receiver 
outputs by an onboard 10 bit analogue to digital (A/D) converter. The circuitry was identical 
for the three operating frequencies, consisting of frequency dedicated pre-amplifiers 
connected to a differential bandpass filter, with the output signals then input to logarithmic 
amplifiers. Logarithmic amplifiers were used to provide a large dynamic range, being ~ 90 
dB here. Only the values of the transmitter tuning capacitors, the receiver coupling 
capacitors, and the bandpass filter components differed for the different operating 
frequencies. Receiver gain varied across the different operating frequencies, being +6 dB and 
-6 dB at 2.5 and 0.75 MHz respectively, relative to the 1.25 MHz signal. 
When transmitting, the system energised only one group of three frequencies at once, 
being three adjacent transducers in a given line array, and stored the receiver output in 
internal memory before advancing along that array to the next group of three frequencies. 
Hence, 5 transmit/receive cycles were required to sample across the whole array, and this 
operation mode minimised cross talk and reverb across the system. Following data capture, 
the data were converted to 16 bit linear numbers onboard, and an average over 8 successive 
transmissions calculated and then written to internal USB flash drives with sufficient storage 
to enable the instrument to be deployed for multiple tidal cycles. When multiple transducer 
arrays were connected, as was the case here, then all arrays operated in parallel. Any 
acoustical or electrical cross talk between the individual transducer arrays when operating in 
parallel was minimised by having narrow, -3dB half beam widths, for the 0.75, 1.25, and 2.5 
MHz transducers of  2.9°, 2.3° and  1.7° respectively, and independent transmitting and 
receiving electronics for each array. No cross-talk was identified in the data analysis. 
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The scheduling unit allowed the transmit pulse length to be specified, and this was chosen 
to be 20 µs as this matched the bandwidth of the logarithmic receivers. The scheduling unit 
also allowed an additional transmit delay between successive pulses to be specified, primarily 
to allow reverb to fully dissipate when working with the system in shallow bounded test 
tanks. In the present field study this transmit delay was set to the minimum value possible, 
being 0.1 ms.  
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3. Study site and Methods 
3.1. Study site 
The BASSI was deployed during spring tides between 22
nd
 and 24
th
 November 2011 in an 
intertidal area of the Dee estuary, U.K., close to the South-East tip of Hilbre island (see 
Figure 2). The Dee is a macro-tidal funnel shaped estuary approximately 30 km long and 8.5 
km wide at the mouth. The tidal range at the mouth is 8 to 9 m on spring tides with tidal 
currents reaching 1.5 m/s in the nearby Hilbre channel, though in the intertidal area utilised in 
this study tidal currents rarely exceed 0.7 m/s. The mean freshwater river discharge into the 
estuary is 31 m
3
/s, equating to only ~0.35 % of the tidal prism over a typical tidal cycle 
(Moore et al., 2009). Sediments in the Dee include both sand and mud sized deposits with 
compositional analysis suggesting that the sediments in the lower estuary are predominantly 
supplied from the adjacent Irish Sea (Turner et al., 1994). Water depth at the deployment 
location was of the order ~3 m at high water on spring tides, with the instruments being 
submerged for typically only 4 hours per tidal cycle. In addition, the first hour of data from 
each tidal cycle was not used here, to prevent introducing any data contamination by flotsam 
from the incoming tide, or bubbles generated by waves breaking over the frame in the early 
stages of submergence. In the present study, the deployment location and frame orientation 
was specifically selected so that the BASSI array spanned a range of bedform scales found at 
the edge of a localised drainage channel, aligned with the dominant flood/ebb tidal flow, as 
shown in Figure 2. 
 
3.2. Deployment frame and instrument suite 
The BASSI was deployed on the NOC SEDbed frame; Sediment Experiments on 
Dynamics and bedforms, a novel frame specifically designed to minimise the impact of the 
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frame and instrument casings on near bed sediment transport processes as illustrated in 
Figure 2c. To support the calibration, evaluation, and interpretation of the BASSI data, a 
range of supporting instruments were attached to the deployment frame and the relative 
locations of each instrument are shown in Figure 3, with the operating frequency and 
sampling regimes of each instrument presented in Table I. The supporting instruments 
included a three-dimensional acoustic ripple profiler (3D-ARP), an AQUAtec AQUAscat 
ABS, a Sontek Acoustic Doppler Velocimeter (ADV), a prototype Acoustic Doppler Velocity 
Profiler (ADVP), and a proto-type Multi-stage Static Sediment Trap (MSST). The MSST was 
emptied upon recovery of the instrument frame on 24/11/2011, with traps 3 to 6 containing 
between 5 to 15 g of sediment each, though traps 1 and 2 contained no sediment. In addition, 
grab samples were collected by hand at low water under and around the instrument frame, to 
aid in the characterisation of the local sediments. A type-C LISST was also included on the 
battery pack part of the deployment frame (see Figure 3), however due to optical alignment 
issues, and possible shielding of the sensor volume beneath the battery packs, no confidence 
was placed in the resulting LISST data. The present paper focuses on the evaluation and 
analysis of the BASSI and the following three sections detail the analysis undertaken in 
support of this aim. 
 
3.3. Bedform analysis 
With the BASSI’s transducers being near to each other and regularly spaced, the bed echo 
from each recorded image provided near-synoptic profiles of the bedforms over a 1.5 
horizontal transect, collocated with measurements of the suspended sediments directly above 
these bedforms. It was therefore considered useful to evaluate the ability of the BASSI to 
extract meaningful information about the measured bedforms, particularly given its relatively 
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coarse 1 cm vertical resolution, and 3.3 cm resolution in the horizontal (the spacing between 
adjacent transducers). 
To extract the bed profile from the BASSI data, successive images were averaged over a 
30 second period prior to bed detection. Temporal averaging was carried out to reduce noise 
in the detected BASSI bed location associated with the intermittent presence of suspended 
sediment events at the seabed. For each 30 second mean bed location, macro bed trends were 
removed by application of a running average, using a window size of at least one (macro) 
ripple wavelength, obtained from initial inspection of the data. The detrended BASSI ripple 
profiles were then analysed for ripple height and ripple length by application of a Fourier 
Transform to obtain the amplitude and frequency of the peak in the ripple spectra. 
In the present study, the bedforms measured by the BASSI were evaluated relative to those 
measured by the 3D-ARP. The 3D-ARP is a commercially available instrument, designed 
specifically for obtaining acoustic profile measurements of seabed ripples in three-
dimensions, and the basic operating principles have been presented previously (Marten, 
2010). The 3D-ARP used here operated at 1 MHz and provided measurements of the 
bedforms at 0.5 cm resolution in the vertical, and 1 cm resolution in the horizontal, over a 
horizontal footprint 2.5 m in diameter. Here, the 3D-ARP was programmed to collect an 
image of the bed every 30 minutes, and for the above settings, the time taken to collect each 
complete bed image was approximately 13 minutes. Ripple profiles and dimensions were 
obtained from the 3D-ARP following essentially the same procedure as outlined above for 
the BASSI, with macro bedtrends being removed from the bed image before application of a 
Fourier Transform to obtain ripple dimensions as described above. 
Hence, the BASSI obtained bedform measurements from a 1D transect every 30 seconds, 
whilst the 3D-ARP obtained measurements from a 2D swath every 13 minutes. Therefore, in 
order to compare the BASSI ripple profiles and dimensions with those obtained from the 3D-
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ARP, only the section of the 3D-ARP bed image that corresponded to the location of the 
BASSI transect was utilised in the comparison, and the BASSI results were averaged over the 
same 13 minute period for which the 3D-ARP was operational. 
 
3.4. Sediment characterisation at the study site 
3.4.1. Mineralogical composition and particle size distribution 
As recent studies have shown that the acoustic properties of sediments are a function of 
their mineralogical composition (Moate and Thorne, 2012 and 2013), the mineralogical 
composition of the local sediments was determined via X-ray diffraction (XRD). XRD 
analysis was undertaken on 5 g sub-samples of the sediment grab samples. Prior to analysis 
subsamples were ground in distilled water for 5 minutes and dried overnight at 60°C. The 
XRD analysis showed the sediments at the deployment location consisted mainly of quartz 
(87 to 89 % by mass), with feldspars (9 to 12 %) and calcite (1 to 2 %) also present in 
measurable quantities. Calcite was present in the grab samples in the form of shell fragments, 
and visually appeared to dominate the very coarse sand sized fraction (Wentworth, 1922). 
Clay minerals were detected only in trace quantities, with chlorite the most abundant clay 
mineral identified. 
Particle size spectra were obtained for all grab and sediment trap samples using a 
Beckman Coulter LS-200 Laser Granulometer (CLG), in the size range 0.4 – 1900 µm. CLG 
samples were kept moist from initial collection in the field, and treated with a dispersing 
agent to break up any aggregates before being introduced into the Coulter sample port. The 
dispersing agent used was Calgon, being a solution of Sodium hexametaphosphate and 
Sodium carbonate. Duplicate size spectra were obtained from all samples and care was taken 
to ensure the obscuration was within instrument tolerance (8 to 12 %). As laser particle size 
inversion software typically assumes a spherical particle shape (Agrawal et al., 2007), whilst 
13 
 
natural sand grains are irregularly shaped, a number of samples were also sieved to provide 
an independent estimate of particle size spectra for comparison with those obtained using the 
Coulter. 
Particle size distribution spectra typical of those obtained from the grab and sediment trap 
samples are illustrated in Figure 4. Particle size spectra in Figure 4 are expressed as relative 
abundance to facilitate comparison between the different particle sizing methods used. 
Relative abundance was calculated from the volume of each size class (or mass for sieved 
spectra), normalised by the maximum volume (or mass) observed in each distribution. The 
particle size spectra shown in Figure 4b were obtained from sediment trap 3, being the only 
sediment trap located beneath the BASSI and ABS to collect sufficient sediment for analysis 
(at 0.5 m above the bed, see Figure 3). In general, the degree of agreement between the 
different particle sizing methods observed in Figure 4 was encouraging, given the differences 
between the methods. Figure 4a shows the bed sediments were comprised of predominantly 
fine to medium sand, with no particles finer than medium silt observed from the sieve 
analysis. Figure 4b shows the suspended sediments were dominated by fine sands, with the 
Coulter spectra obtained from traps 4 and 5 (data not shown) being virtually identical to that 
obtained from trap 3. In agreement with the XRD analysis (see above), both the Coulter and 
sieving analysis suggested a lack of clay sized material, < 2 % by volume from the Coulter, 
and with only ~ 1.1 % by mass of the sample sieved from trap 3 being finer than 20 µm. 
 
3.4.2. Modelling of the suspended sediment particle size distribution 
As measurements of particle size for both seabed and suspended sediments were available 
here, and as the focus of the present study was to evaluate and cross-calibrate the BASSI, we 
elected to follow a simplistic approach to calculating the suspended sediment field by 
modelling a single, time averaged suspended particle size. This approach offered the 
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advantage of simplifying the cross-calibration procedure, by precluding any difficulties 
associated with possible ambiguities in an explicit acoustic inversion for both concentration 
and size, as discussed elsewhere (Thorne et al., 2011; Thorne and Hurther, 2014). Hence, the 
mean particle size profile was modelled following Thorne et al. (2002): 
 
 
𝑎𝑚 = 𝑎𝑟 (
𝑧
𝑧𝑟
)
−𝑙
 (1) 
  
where am was the mean particle size at height z above the bed, and ar was the mean size at the 
reference height, zr = 1 cm. The parameter l was used to adjust the mean size profile so that 
am matched the mean size observed from the sediment trap (trap-3) and grab samples as end 
members for the profile, with the assumption that the size distribution at zr could be 
approximated to equal that in the bed. Here, a value of ar = 82.5 µm and l = 0.09 was found 
to reproduce the observed size profile satisfactorily. With the mean size profile determined, a 
log-normal size distribution was calculated for each mean size at each height above the bed, 
using Equation 2: 
 
 𝑛(𝑎) =
1
𝑎√2𝜋𝜉
𝑒−(𝑙𝑜𝑔𝑒(𝑎−𝑚0))
2/2𝜉2 (2a) 
with 𝜉 = √𝑙𝑜𝑔𝑒(𝜎0
2 + 1) (2b) 
and 𝑚0 = 𝑙𝑜𝑔𝑒(
𝑎𝑚
2
√𝑎𝑚2 + 𝜎2
) (2c) 
and 𝜎0 = 𝜎/𝑎𝑚 (2d) 
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where n(a) was the probability density function (PDF) at radius a, and σ and σ0 are the 
standard deviation and relative standard deviation of the distribution respectively. Here, a 
value of σ0 = 0.3 was used, being the value of σ0 observed from the particle size analysis. 
 
3.5. Cross-calibrating the BASSI and calculation of suspended sediment 
concentrations 
3.5.1. Acoustic theory and instrument calibration 
For a suspension of sediments, with mean size am, and at concentrations low enough for 
multiple scattering to be ignored, the root-mean-square (RMS) backscattered voltage 
recorded from a piston transducer, VRMS, can be written as (Hay, 1991; Thorne and Hanes, 
2002): 
 
 𝑉𝑅𝑀𝑆(𝑟) =
𝐾𝑡𝑓𝑁√𝑀(𝑟)
𝜓𝑟√𝑎𝑚(𝑟)
𝑒−2𝛼𝑟 (3a) 
with 𝑓𝑁 =
𝑓0
√𝜌
 (3b) 
and α = αS + αW (3c) 
and 𝛼𝑆(𝑟) =
3
4𝑟
∫
𝑀(𝑟)𝜒𝑁
𝑎𝑚(𝑟)
𝑟
0
𝑑𝑟 (3d) 
with 𝜒𝑁 =
𝜒0
𝜌
 (3e) 
 
where M(r) is the suspended sediment concentration at range r, ψ is dimensionless and 
accounts for the transducer near field correction, f0 is the ensemble backscattering form 
function, ρ is the grain density of the sediments in suspension, αS is attenuation due to 
sediment scattering, aW is the water absorption (taken from Francois and Garrison, 1982), and 
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χ0 is the ensemble normalised total scattering cross section. In order to extract suspended 
sediment concentrations from ABS data, estimates of the electronic calibration coefficients, 
Kt, are required. These calibrations incorporate the receiver sensitivity, the electronic gain, 
and the transducer beam pattern characteristics (Thorne and Hanes, 2002). 
For the AQUAscat, calibrations were determined for each transducer following the 
procedure detailed in Betteridge et al. (2008). However, the physical dimensions of the 
BASSI precluded calibration in this way, since the arrays were too large to fit into the 
relatively narrow sediment tower calibration tank (see Betteridge et al., 2008, for a full 
description of this facility and the calibration procedure). Therefore, the approach taken in the 
present study was to use the calibrated AQUAscat to cross-calibrate the BASSI in the field. 
This was achieved by using the modelled suspended sediment size profile to calculate a 
nominal, time averaged description of the suspended sediment concentration field from the 
laboratory calibrated AQUAscat. The procedure followed to calculate suspended sediment 
concentrations is described in the next section. Hence, Kt coefficients were obtained for the 
BASSI by rearranging Equation 3, thus: 
 
 
𝐾𝑡 =
𝑉𝑅𝑀𝑆𝜓𝑟√𝑎𝑚
𝑓𝑁√〈𝑀〉
𝑒2𝛼𝑟 (4) 
 
where the <> brackets denote a temporal average. Thus, the BASSI data was temporally 
averaged over the same time intervals as the AQUAscat data, and the appropriate <M> from 
the AQUAscat used to obtained profiles of Kt for each BASSI transducer using Equation 4. 
As the BASSI employed a constant gain for each transducer, the resulting profiles of Kt could 
reasonably be expected to be invariant with range, thus providing one test by which the 
validity and robustness of the above procedure could be evaluated. 
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3.5.2. Calculation of time averaged suspended sediment concentrations 
For a range gated ABS profile, Equation 3 can be solved for M at range ri by rearranging 
into the form: 
 
 𝑀(𝑟𝑖) = 𝑣1(𝑟𝑖)𝑒
𝑣2(𝑟𝑖)𝑀(𝑟𝑖) (5a) 
with 𝑣1(𝑟𝑖) =
(𝑉𝑅𝑀𝑆(𝑟𝑖)𝜓𝑟𝑖)
2𝑎𝑚(𝑟𝑖)
𝐾𝑡𝑓𝑁
𝑒4𝛼𝑊𝑟𝑖𝑒
3∆𝑟∑
𝑀(𝑟)𝜒𝑁
𝑎𝑚(𝑟)
𝑟=𝑟𝑖−1
𝑟=𝑟1  (5b) 
and 𝑣2(𝑟𝑖) =
3𝜒𝑁∆𝑟
𝑎𝑚(𝑟𝑖)
 (5c) 
 
where all terms are as previously defined and Δr is the range gated bin. Thus, to calculate the 
parameters v1 and v2 requires knowledge of the ensemble scattering properties of the 
suspended sediments, χ0 and f0, and hence am and the size distribution which were modelled 
here using Equations 1 and 2. The ensemble scattering properties are obtained by integrating 
the intrinsic scattering properties, χ and f, over n(a) provided by Equation 2 (Sheng and Hay, 
1988; Thorne and Campbell, 1992; Moate and Thorne, 2009). For the intrinsic scattering 
properties, we used the generic scattering formulations recently presented in Moate and 
Thorne (2012), which provide a heuristic description of these properties, normalised by grain 
density. Hence, with all the input parameters defined, Equation 5 is in a form that can be 
solved iteratively using the Newton-Raphson formulation: 
 
 
𝑀(𝑟𝑖)𝑗 = 𝑀(𝑟𝑖)𝑗−1 −
𝑀(𝑟𝑖)𝑗−1 − 𝑣1(𝑟𝑖)𝑒
𝑣2(𝑟𝑖)𝑀(𝑟𝑖)𝑗−1
1 − 𝑣1(𝑟𝑖)𝑣2(𝑟𝑖)𝑒
𝑣2(𝑟𝑖)𝑀(𝑟𝑖)𝑗−1
 (6) 
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where j defines the iteration level and Equation 6 is iterated until a convergence criterion is 
achieved. For the present dataset, convergence typically occurred after no more than six 
iterations, and following this procedure, M(ri) was calculated step-wise along the ABS 
profile, from i=1 to i=b-1, where b denotes the bin at which the bed echo was observed. To 
obtain time averaged suspended sediment concentrations using Equations 5 and 6, VRMS is 
simply calculated over the desired time window. For the inter-calibrations in the present 
study, we calculated VRMS over 5 minute periods for each burst, to remove fluctuations 
associated with processes operating at turbulent and wave period timescales. 
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4. Results 
4.1. Evaluation of the BASSI measurements 
4.1.1. Bedform dimensions 
  Measurements from the 3D-ARP showed small scale ripples dominated the bedforms 
throughout the deployment with ripple amplitude rarely exceeding 2 cm. This was in 
agreement with bedform observations made by eye during low water inspections, as shown in 
Figure 2c. Figure 5 presents a 3D ripple image typical of those observed by the 3D-ARP, and 
compares ripple measurements obtained from both the 3D-ARP and BASSI. A mixture of 2D 
and 3D ripple types can be seen in Figure 5a, with the maximum departure from mean bed 
level being ± 0.06 m. The two features at ~ 0.5 m along frame distance in Figure 5a were 
caused by scattering from the instrument frame legs and their associated near-bed stabilising 
weights (see Figure 2c). Figure 5a illustrates the location of the BASSI bed profile within the 
3D-ARP footprint, shown by the solid white line, and a comparison between the ripple 
profiles observed by the two instruments is presented in Figure 5b, for the same burst as 
shown in Figure 5a. Figure 5b shows the BASSI and 3D-ARP observed essentially the same 
time-averaged bed profile with the degree of agreement observed in Figure 5b being typical 
of the dataset collected in the present study. The shaded area in Figure 5b shows ± two 
standard errors about the time-averaged BASSI bed profile and illustrates the relative stability 
of the bedforms during the time taken to collect the 3D-ARP bed image, at this stage of the 
tidal cycle. 
Measurements of the nominal ripple height and wavelength obtained from each time-
averaged BASSI bed profile were also evaluated relative to those obtained by the 3D-ARP, 
across all four tidal cycles, shown in Figure 5c. Figure 5c shows BASSI ripple dimensions 
compared well with those observed by the 3D-ARP, with most of the field data scattered 
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within ± 20 % of the 1:1 line in Figure 5c. Whilst the 3D-ARP observed a number of ripple 
heights between 0.6 and 0.9 cm during the deployment, the minimum ripple height observed 
by the BASSI was ~ 1 cm (see Figure 5c). This lower limit to the BASSI ripple heights could 
reasonably be expected, given the vertical resolution of the BASSI in the present study was 1 
cm. 
 
4.1.2. Backscatter measurements above the bed 
As an initial check of the veracity of the BASSI measurements the raw backscattered 
voltages were compared with those recorded by the AQUAscat, as a function of time and 
height above the bed. For the deployment reported here, only the 2.5 MHz operating 
frequency was common to both instruments (see Table I), and hence direct comparisons were 
only possible for BASSI transducers operating at this frequency. As the two instruments were 
not co-located, the root-mean-square backscattered voltage, VRMS, calculated over 5 minute 
periods were compared, to remove small scale variability associated with processes operating 
over turbulent and wave period timescales. In addition, because the two instruments 
employed differing transmit and receive systems, for the purpose of comparison, VRMS was 
normalised by the maximum observed VRMS in the period of interest. Hence, a comparison of 
normalised VRMS obtained from both instruments is presented in Figure 6 for one of the four 
tidal cycles sampled. Figure 6 shows measurements from three BASSI transducers regularly 
spaced across the 1.5 m length of the BASSI array, at three different vertical ranges. Figure 6 
generally shows close agreement between the two instruments, along the length of the BASSI 
array, throughout the tidal cycle, and for all three heights above the bed. The closest 
agreement between the two instruments was observed for the measurements obtained closest 
to the bed, Figure 6a. This may indicate that the BASSI had a slightly higher noise floor than 
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the AQUAscat, since suspended sediment concentrations were typically greatest in the near-
bed region, thereby giving rise to a greater signal to noise ratio in this region. 
 
4.2. Cross-calibration of the BASSI 
4.2.1. The nominal, time averaged suspended sediment concentration field 
Figure 7 presents an illustrative time series of suspended sediment concentration obtained 
from the AQUAscat, <M>, with VRMS again calculated over 5 minute intervals and the 
angular brackets <> denoting a time-average estimate. The data presented in Figure 7 were 
obtained from the same tidal cycle for which VRMS was presented in Figure 6. In Figure 7a, 
<M> was obtained by inverting the multi-frequency AQUAscat data using Equations 5 and 6, 
with the suspended size distribution provided by Equations 1 and 2, following the procedure 
detailed in Section 3.5.2. The three vertical white bands in Figure 7a correspond to the 
inactive periods at the end of each hourly burst, whilst the regions below approximately 0.5 
m range correspond to the detected seabed location. To aid interpretation of <M>, the 
velocities and pressure recorded by the ADV, time-averaged over the same 5 minute 
intervals, are presented in Figure 7b and 7c. Figure 7 shows a clear tidal variation in <M> 
was present, with a waxing and waning pattern in the suspended sediment concentration 
either side of high water slack, with increases in <M> occurring at the same times as peaks in 
cross-frame velocity. In addition, Figure 7a shows a clear vertical gradient in <M> with 
height above the bed, with the range of <M> observed being ~ 0 to 0.4 g/l, consistent with 
those observed in previous acoustic studies of near-bed suspended sediment concentrations 
(Vincent and Green, 1990; Hay and Sheng, 1992; Thorne and Hardcastle, 1997; Hurther et 
al., 2011). The suspended sediment field presented in Figure 7 was typical of that observed 
for the other tidal cycles sampled in the present study, both in terms of the temporal variation 
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across the tidal cycles, and the magnitude of the suspended sediment concentrations obtained 
from the AQUAscat. 
 
 
 
4.2.2. BASSI calibration profiles and mean coefficients 
The nominal frequency-averaged suspended sediment concentrations from the AQUAscat 
described above were thus used to calculate profiles of Kt for the BASSI using Equation 4. 
Figure 8 presents BASSI Kt profiles obtained in this way from the central transducer array, 
grouped by operating frequency. The different symbols in Figure 8 show an average Kt 
profile for each of the transducers present in the central array (hence, 5 for each frequency). 
These average Kt profiles were calculated from BASSI data collected from the first hour of 
the ebb tides, with data taken from each of the 4 tidal cycles for which the BASSI was 
deployed. This stage of the tidal cycle was chosen as it was observed to produce a high signal 
to noise ratio with maximum suspended sediment concentrations, as can be seen for example 
between 10:00 and 11:00 in Figure 7a. Figure 8 shows the resulting Kt profiles obtained from 
the BASSI were nominally invariant with both range and between individual transducers of 
the same operating frequency, with differences between transducers of the same frequency 
being of the same order as the uncertainty in laboratory measurements of Kt reported 
elsewhere; ~ 5 % (Moate and Thorne, 2013). Thus, as no significant differences were 
observed in Kt between transducers of the same operating frequency, an overall mean Kt was 
calculated for each operating frequency for each transducer array. The solid lines in Figure 8 
show the overall mean Kt coefficient for each operating frequency in the central array and 
these values are annotated in each plot along with their associated standard deviations. 
 
23 
 
 
 
 
 
4.3. Inversion results from the BASSI 
4.3.1. Inter-comparison of time-averaged sediment concentrations obtained from BASSI 
and AQUAscat ABS 
With Kt determined for each transducer in the BASSI array, estimates of suspended 
sediment concentration were obtained from the BASSI following the implicit inversion 
methodology detailed in Section 3.5.2. As in Section 4.2.1, inversion estimates were again 
obtained from VRMS calculated over 5 minute periods to remove variability over turbulent and 
wave period timescales, providing time averaged suspended sediment concentrations. Figure 
9 presents a comparison of <M> obtained from the BASSI and AQUAscat ABS, as an 
appraisal of the BASSI performance over the range of near-bed suspended concentrations 
encountered in the Dee. Whilst the BASSI calibration constants, Kt, were obtained from only 
part of the tidal cycle, the aim of the comparison shown in Figure 9 was to evaluate the 
veracity of the BASSI inversions across the whole tidal cycle and therefore a much greater 
variation in <M> than for the calibration period. The BASSI inversion estimates shown in 
Figure 9 were obtained from the middle three transducers of the central array, being in-line 
with the AQUAscat in the along frame direction, and are compared to the frequency averaged 
inversion estimates from the AQUAscat. In Figure 9a, comparisons are shown at a height of 
10 cm above the detected bed location, for each of the 5 minute mean profiles obtained from 
each burst from each of the four tidal cycles. Figure 9a shows close agreement between the 
BASSI and AQUAscat suspended sediment concentration estimates, with concentrations 
ranging over two orders of magnitude. The dashed lines in Figure 9a show ± 40 %, with 84 % 
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of the BASSI concentrations being within 40 % of those obtained from the AQUAscat, and 
95 % being within a factor of two. There is some evidence in Figure 9a that <M> obtained 
from the 0.75 MHz transducer compared less favourably with the AQUAscat estimates than 
concentration obtained from the other BASSI operating frequencies. 
Figure 9b presents a comparison of profiles of time and frequency averaged suspended 
sediment concentration obtained from both the BASSI and AQUAscat, at four times across 
the tidal cycle. For the BASSI, inversion estimates obtained from the central 1.25 and 2.5 
MHz transducers were averaged, with those for the AQUAscat obtained from the 1 and 2.5 
MHz transducers. Figure 9b shows encouraging agreement throughout the length of the 
profiles, across the tidal cycle, and for concentrations ranging over two orders of magnitude. 
As in Figure 7, the magnitude of the BASSI suspended sediment concentrations shown in 
Figure 9 were consistent with those typically encountered in shallow marine waters (Vincent 
and Green, 1990; Hurther et al., 2011). 
 
4.3.2. Suspended sediment concentrations in 2D-HV 
As an operational appraisal of the synoptic spatial imaging of suspended sediment 
variability observable with the BASSI in 2D-HV, Figure 10 presents a time sequence of 
images of suspended sediment concentration obtained over the near-bed region at the study 
site in the Dee. The images presented in Figure 10 were obtained over a 3.5 s period at the 
times annotated in each panel, near slack water on the 22/11/2012. The suspended sediment 
concentrations presented in Figure 10 were obtained by inverting the recorded backscatter, 
being an average over 8 succesive pings (see Section 2.1), following the same inversion 
methodology as described above (see Section 3.5.2). The resulting suspended sediment 
concentrations are presented in Figure 10 logarithically transformed to base 10, to enable 
variations over multiple magnitudes to be clearly discerned. For ease of reference, on the 
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colour scale shown in Figure 10, -3 is equivilant to 0.001 g/l and -0.5 is equivilant to 0.3 g/l; 
being the same range as was observed for inversion results presented in Figure 9a. 
The ADV deployed on SEDbed (see Figure 3) showed near bed flow was dominated by 
wave orbital velocities around slack water at the study site, and hence the across frame 
velocity component is annotated in Figure 10 for the same times at which the BASSI images 
were obtained. It should be noted that the ADV sampling volume was located approximately 
40 cm above the bed and therefore the magnitude and direction of the velocity vectors 
illustrated in Figure 10 are only presented as an indication of the relative strength and 
direction of flow in each panel. 
There are four key points that can be observed in Figure 10. The first is that suspended 
sediment concentrations nominally display the usual variation observed in the vertical, with 
concentrations typically increasing towards the bed. The second is that this is not always the 
case, with occasional pockets of relatively high suspended sediment concentration located 
approximately mid-water, for example at 0.07 m horizonatal range in Figure 10b. Thirdly 
there are clear variations in suspended sediment concentration in the horizontal near the bed, 
with a waxing and waning of concentrations that appears to have a horizontal periodicity 
similar to the wavelength of the bedforms, this can clearly be seen in Figure 10c. Finally, by 
studying the image sequence shown in Figure 10, it can be seen that the horizontal variations 
in suspended sediment concentration do not occur at static locations, but rather there appear 
to be event packets of suspended sediments that are being advected, or entrained, with the 
flow. To illustrate this, three packets have been labelled A, B, and C in Figure 10. In Figure 
10a to 10c, these packets are successively advected to the right, reduce or settle out in Figure 
10d, with packet B being advected back to the left in Figure 10e and 10f. 
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5. Discussion 
Nearbed sediment entrainment, transport and deposition over bedforms are spatially and 
temporally variable with dynamic interactions between the hydrodynamics, the bedforms and 
the sediment transport. Contemporary measurement systems usually provide 1D-V 
observations of sediment processes at one location above the bed. To extend beyond 1D-V, 
the BASSI acoustic array has been developed to provide measurement of suspended 
sediments simultaneously over a transect of the bed. The technology builds upon the 1D-V 
ABS systems which have been under development over the past two to three decades. To 
calibrate and assess the BASSI, the array was deployed with a number of supporting 
instruments on the SEDbed frame in a macro-tidal estuary. The selected deployment location 
had a sandy bed and the local hydrodynamics were sufficient to entrain the bed sediments 
into the water column, providing an ideal testing ground for this new technology. 
Significant effort was made to deploy the instruments on a frame that would minimise 
frame effects on the bed, such as those described by Bolaños et al. (2011). To this end, over a 
series of pilot studies, the SEDbed frame was developed for the present study. Figure 2c 
illustrates the low impact of SEDbed on the local seabed and this image is consistent with a 
series of observations made by the authors, carried out at low water periods during previous 
deployments and the deployment reported here. Additionally, and also in the interests of 
ensuring data quality; substantial care was taken when selecting the locations and sampling 
settings of the various instruments attached to the frame, to avoid instrument interference. 
Where operating frequencies were common between two instruments, these were set at  
opposite ends of the frame, for eaxmple the AQUscat ABS and 3D-ARP (Table I; Figure 3). 
No evidence of instrument interference was apparent in the instrument data, and we believe 
these effects have been minimised in the present study. Thus, SEDbed and its main payload 
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of acoustic instruments were successful in providing a non-intrusive platform in the Dee, 
enabling acoustic remote sensed measurements of the flow, the suspended sediments, and the 
bedforms. 
The close agreement between the BASSI and 3D-ARP measurements of bedforms shown 
in Figure 5 is encouraging. Given the repeated triplet of frequencies in use across the BASSI 
array, Figure 5 suggests the accuracy of the bed location obtained from the BASSI was 
independent of operating frequency. Figure 5 shows some differences in the detected bed 
location were observed between the BASSI and 3D-ARP. These differences are relatively 
minor however and could reasoably be expected to occur given the differences in sampling 
time, and the differences in the relative angles between the sensors and bedforms for the two 
instruments. As commented in Section 4.3.1, Figure 5c shows that the smallest ripple height 
resolved by the BASSI was ~ 1 cm, being the vertical resolution of the BASSI profiles. 
Whilst not observed in the present study, this suggests that there will also likely be a lower 
limit to the minimum ripple wavelength resolvable by the BASSI, likely to be of the order of 
5 cm, being approximately twice the horizontal spacing of the BASSI transducers along the 
array. Whilst acoustic transects of rippled bedforms have been studied previously (Thorne et 
al., 2003; Soulsby et al., 2012; Miles and Thorpe, 2015), the quality unique to BASSI is the 
ability to obtain measurements of the suspended sediments directly referenced to 
simultaneously measured bedforms over a horizontal transect. The spatial transitions in 
suspended sediment concentration observed in Figure 10 are evocative of observations of 
sediment entrainment observed elsewhere (O’Hara Murray et al., 2011; Hurther and Thorne, 
2011). 
As far as the authors are aware the BASSI array uniquely generates high temporal-spatial 
2D-HV images of boundary layer sediment processes for the study of sediment transport 
dynamics. The only previous two-dimensional acoustic studies of suspended sediments that 
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the authors are aware of are those presented by Simmons et al. (2010) and Traykovski et al. 
(2015). Simmons et al. (2010) used a Multi-Beam Echo Sounder (MBES) attached to a 
nominally stationary boat, with measurements obtained across a two-dimensional arc 
predominantly in the upper water column at the confluence of two river systems. In contrast, 
Traykovski et al. (2015) reported on the deployment of a horizontal array of five downward 
looking single beam pulse-coherent Doppler profilers used to measure the horizontal 
wavelength of instabilities in a lutocline. The encouraging performance of these instruments, 
and the BASSI presented here, opens up novel opportunities for sediment transport studies; 
providing new tools for the two dimensional acoustical imaging of sediment transport 
processes. 
Finally, the aim of the present work was to develop a new, high spatial-temporal 
resolution, non-intrusive, acoustic array for obtaining 2D-HV measurements of bedforms and 
suspended sediments over a transect. The results presented here from a field study show that 
the BASSI is capable of obtaining such measurements. Future studies with the BASSI will 
investigate its ability to measure suspended particle size in 2D-HV using its multi-frequency 
capability, quantify ripple migration rates, utilise cross correlation and image tracking 
techniques to extract flow velocity information, and to delve deeper into the dynamic 
interrelationships between the flow, the bedforms and the sediment transport by utilising the 
flexibility of different array configurations. 
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Tables 
 
TABLE I – Instrument sampling parameters and operating frequencies. 
Instrument Burst Interval 
(minutes) 
Burst Duration 
(minutes) 
Sampling 
Frequency (Hz) 
Operating 
Frequency (MHz) 
BASSI 60 55 4 0.75, 1.25, 2.5 
ABS 60 55 4 0.5, 1.0, 2.5 
3D-ARP 30 13 - 1.0 
ADV 30 27 16 5.0 
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Figure captions 
 
Figure 1 – Schematic of the Bedform And Suspended Sediment Imager, showing one 
transducer array connected to the electronic scheduling unit, mounted above the seabed. The 
different coloured beams represent the different operating frequencies of 2.5 MHz (red), 1.25 
MHz (green) and 0.75 MHz (blue ). 
  
Figure 2 – The study site in the Dee estuary (a), and its location relative to the adjacent Irish 
Sea (b), as indicated by the shaded box. A photo of the SEDbed instrument frame at low 
water is shown in (c), looking Northwest towards the Irish Sea. The photo in (c) was taken 
after two tidal cycles, and illustrates the low impact of the frame on the bed underneath the 
instrument sensors. 
 
Figure 3 – Schematic of the SEDbed instrument frame, showing the relative location of the 
Bedform And Suspended Sediment Imager (BASSI), AQUAscat Acoustic Backscatter 
System (ABS), Acoustic Doppler Velocimeter (ADV), Acoustic Doppler Velocity Profiler 
(ADVP), three dimensional Acoustic Ripple Profiler (3D-ARP), LISST, and Multi-Stage 
Sediment Trap (MSST). 
 
Figure 4 – Particle size distribution spectra obtained from (a) a seabed grab sample, and (b) 
MSST sediment trap 3 (see Figure 3a), collected on 24/11/2011. The median particle size, 
d50, obtained from each method is also shown in each plot. 
 
Figure 5 – Ripple measurements obtained from the 3D-ARP and BASSI. A ripple image 
typical of those observed by the 3D-ARP is shown in (a), along with the location of the 
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BASSI transect (white solid line). A comparison of the ripple profiles observed by the 3D-
ARP and BASSI are shown in (b) for the same record as shown in (a). The shaded envelope 
in (b) depicts ± two standard errors about the temporal mean BASSI ripple profile. A 
comparison of the ripple dimensions observed by both instruments is shown in (c), with both 
ripple height (×10) and ripple length presented, and the theoretical 1:1 line also shown (   ). 
The dashed lines (---) shown in (c) illustrate ± 20 % about the 1:1 line. 
 
Figure 6 – Normalised VRMS measurements obtained from the AQUAscat and BASSI on 
23/11/2011. Measurements are shown at three vertical ranges, being (a) 45 cm, (b) 30 cm, 
and (c) 10 cm from the AQUAscat transducer. For the tidal cycle shown, high water slack 
occurred at ~ 08:40. All data shown were obtained at the operating frequency common to 
both instruments, 2.5 MHz, with data presented from three BASSI transducers located across 
the 1.5 m array. The cross frame distance (CFD) , relative to the centre of the BASSI array, is 
shown for each sensor. 
 
Figure 7 – Time-averaged suspended sediment concentrations, <M> (a), ADV velocities (b), 
and ADV pressure (c), on the morning of 23/11/2011. The sediment concentrations shown in 
(a) can be seen to be least around high water slack, with increases in <M> coinciding with 
peaks in cross frame velocity seen in (b). 
 
Figure 8 – Profiles of BASSI calibration coefficients, Kt, obtained from the central array. 
Profiles are shown from each transducer in the array, grouped by operating frequency, with 
each profile shown being the average of a number of profiles obtained across the four tidal 
cycles sampled. The overall mean Kt for each operating frequency is also shown (   ) and 
annotated, along with the associated standard deviation. 
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Figure 9 – Comparison of inversion estimates of the time-averaged suspended sediment 
concentrations obtained from the BASSI at each frequency, with the time and frequency 
averaged concentrations obtained from the AQUAscat. In (a), comparisons are shown at a 
height of 10 cm above the bed for each of the 5 minute mean profiles obtained from each 
burst from each of the four tidal cycles. The solid line in (a) depicts the theoretical 1:1 line (   
) whilst the dashed lines show ± 40 % (---). In (b), comparisons of profiles of the time and 
frequency averaged suspended sediment concentration are presented, taken from four 5 
minute mean profiles obtained on 23/11/2011 at the times shown. 
 
Figure 10 – Synoptic 2D-HV BASSI images of suspended sediment concentration and  
bedforms, over a 1.5 m transect in the bottom 0.5 m above the bed, at selected times given in  
the subplots covering a period of 3.5 s. The colour scale represents the logarithmic value of  
the concentration. The white arrow in each plot represents the direction and magnitude of the 
current flow at 0.4 m above the bed. Packets of suspended sediment events and their location 
over time are identified by A, B and C. 
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Figure 1 – Schematic of the Bedform And Suspended Sediment Imager, showing one 
transducer array connected to the electronic scheduling unit, mounted above the seabed. The 
different coloured beams represent the different operating frequencies of 2.5 MHz (red), 1.25 
MHz (green) and 0.75 MHz (blue ). 
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Figure 2 – The study site in the Dee estuary (a), and its location relative to the adjacent Irish 
Sea (b), as indicated by the shaded box. A photo of the SEDbed instrument frame at low 
water is shown in (c), looking Northwest towards the Irish Sea. The photo in (c) was taken 
after two tidal cycles, and illustrates the low impact of the frame on the bed underneath the 
instrument sensors. 
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Figure 3 – Schematic of the SEDbed instrument frame, showing the relative location of the 
Bedform And Suspended Sediment Imager (BASSI), AQUAscat Acoustic Backscatter 
System (ABS), Acoustic Doppler Velocimeter (ADV), Acoustic Doppler Velocity Profiler 
(ADVP), three dimensional Acoustic Ripple Profiler (3D-ARP), LISST, and Multi-Stage 
Sediment Trap (MSST). 
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Figure 4 – Particle size distribution spectra obtained from (a) a seabed grab sample, and (b) 
MSST sediment trap 3 (see Figure 3a), collected on 24/11/2011. The median particle size, 
d50, obtained from each method is also shown in each plot. 
  
44 
 
 
Figure 5 – Ripple measurements obtained from the 3D-ARP and BASSI. A ripple image 
typical of those observed by the 3D-ARP is shown in (a), along with the location of the 
BASSI footprint (white solid line). A comparison of the ripple profiles observed by the 3D-
ARP and BASSI are shown in (b) for the same burst as shown in (a). The shaded envelope in 
(b) depicts ± two standard errors about the temporal mean BASSI ripple profile. A 
comparison of the ripple dimensions observed by both instruments is shown in (c), with both 
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ripple height (×10) and ripple length presented, and the theoretical 1:1 line also shown (   ). 
The dashed lines (---) shown in (c) illustrate ± 20 % about the 1:1 line. 
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Figure 6 – Normalised VRMS measurements obtained from the AQUAscat and BASSI on 
23/11/2011. Measurements are shown at three vertical ranges, being (a) 45 cm, (b) 30 cm, 
and (c) 10 cm from the AQUAscat transducer. For the tidal cycle shown, high water slack 
occurred at ~ 08:40. All data shown were obtained at the operating frequency common to 
both instruments, 2.5 MHz, with data presented from three BASSI transducers located across 
the 1.5 m array. The cross frame distance (CFD) , relative to the centre of the BASSI array, is 
shown for each sensor.  
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Figure 7 – Time-averaged suspended sediment concentrations, <M> (a), ADV velocities (b), 
and ADV pressure (c), on the morning of 23/11/2011. The sediment concentrations shown in 
(a) can be seen to be least around high water slack, with increases in <M> coinciding with 
peaks in cross frame velocity seen in (b). 
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Figure 8 – Profiles of BASSI calibration coefficients, Kt, obtained from the central array. 
Profiles are shown from each transducer in the array, grouped by operating frequency, with 
each profile shown being the average of a number of profiles obtained across the four tidal 
cycles sampled. The overall mean Kt for each operating frequency is also shown (   ) and 
annotated, along with the associated standard deviation. 
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Figure 9 – Comparison of inversion estimates of time-averaged suspended sediment 
concentration obtained from the BASSI with time-averaged and frequency averaged 
concentrations obtained from the AQUAscat. In (a), comparisons are shown at a height of 10 
cm above the bed for each of the 5 minute mean profiles obtained from each burst from each 
of the four tidal cycles. The solid line in (a) depicts the theoretical 1:1 line (   ) whilst the 
dashed lines show ± 40 % (---). In (b), comparisons of profiles of time and frequency 
averaged suspended sediment concentration are presented, taken from four 5 minute mean 
profiles obtained on 23/11/2012 at the times shown. 
 
  
50 
 
 
Figure 10 – Synoptic 2D-HV BASSI images of suspended sediment concentration and  
bedforms, over a 1.5 m transect in the bottom 0.5 m above the bed, at selected times given in  
the subplots covering a period of 3.5 s. The colour scale represents the logarithmic value of  
the concentration. The white arrow in each plot represents the direction and magnitude of the 
current flow at 0.4 m above the bed. Packets of suspended sediment events and their location 
over time are identified by A, B and C. 
